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Ammonia (NH3) nitridation on an Fe surface was studied by combining density functional theory
(DFT) and kinetic Monte Carlo (kMC) calculations. A DFT calculation was performed to obtain the
energy barriers (Eb) of the relevant elementary processes. The full mechanism of the exact reaction
path was divided into five steps (adsorption, dissociation, surface migration, penetration, and diffu-
sion) on an Fe (100) surface pre-covered with nitrogen. The energy barrier (Eb) depended on the N
surface coverage. The DFT results were subsequently employed as a database for the kMC simula-
tions. We then evaluated the NH3 nitridation rate on the N pre-covered Fe surface. To determine the
conditions necessary for a rapid NH3 nitridation rate, the eight reaction events were considered in
the kMC simulations: adsorption, desorption, dissociation, reverse dissociation, surface migration,
penetration, reverse penetration, and diffusion. This study provides a real-time-scale simulation of
NH3 nitridation influenced by nitrogen surface coverage that allowed us to theoretically determine a
nitrogen coverage (0.56 ML) suitable for rapid NH3 nitridation. In this way, we were able to reveal
the coverage dependence of the nitridation reaction using the combined DFT and kMC simulations.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896610]
I. INTRODUCTION
Ammonia (NH3) gas nitridation of metals is a com-
monly used heat treatment for improving surface hardness,
mechanical properties, and wear and corrosion resistance as
this process incorporates chemically stable nitride compounds
to create multi-functional materials for use in various indus-
trial applications.1–7 However, NH3 gas nitridation is a time-
consuming process. Various research groups have investi-
gated NH3 nitridation techniques. Xuan et al.8 employed both
simulations and experiments to develop a self-consistent dif-
fusion model for simulating atomic nitrogen transport in ti-
tanium alloys through the coupling effect of both the initial
activated nitrogen concentration and a high-temperature gra-
dient. Other groups have reported stable austenitic structures
in medical stainless steels that meet the requirements for sur-
gical implantation.9 To understand the exact NH3 nitridation
process, a fundamental theoretical study is needed.10 Spe-
cially, the mechanisms for rapid NH3 nitridation rate have
not yet been elucidated. In addition, investigations of cat-
alytic properties on a metal surface must include an ex-
amination of the reaction-poisoning or reaction-promoting
influence of surface coverage on various reaction mecha-
nisms. The Ertl group reported adsorbate–absorbate interac-
tions based on a statistical analysis of scanning tunneling
microscopy results at 300 K.11 Zheng et al. measured the
coverage-dependent diffusion coefficient for the surface dif-
fusion of hydrogen on a flat Pt (111) surface over a wide cov-
erage range, from 0.1 to 0.8 ML (ML stands for mono-layer),
a)Author to whom correspondence should be addressed. Electronic mail:
hmlee@kaist.ac.kr. Tel.: +82-42-350-3334. Fax: +82-42-350-3310.
by linear optical diffraction (LOD).12 In addition, Nobuhara
et al. studied the coverage dependence of the H-induced re-
laxation of a Pd lattice and the corresponding variation in the
energy barrier for H adsorption.13 The kinetic Monte Carlo
(kMC) simulations offer a suitable method for determining
rate conditions and have recently been applied by a number
of groups to examine the relative rates of competing reactions
on surfaces.14–20
We studied NH3 gas nitridation in real time via kMC
simulations. We propose that pre-coverage with nitrogen on
an Fe surface may affect the nitridation rate. The reliability
of the kMC simulations depends on accurate transition rates,
which denote events.21–25 The effect of surface coverage on an
NH3 nitridation process can be divided into 5 steps: adsorp-
tion, desorption, dissociation, penetration of the dissociated
nitrogen, and diffusion into the bulk Fe. To simulate all nitri-
dation reaction steps, we quantitatively obtained the adsorp-
tion energy, dissociation barrier, penetration energy barrier for
the dissociated nitrogen, and surface migration energy barrier
of the nitrogen for various surface coverages (θ = 0.22 ML,
0.56 ML, 0.78 ML, 1.00 ML when θ is coverage).26–28 This
paper is organized as follows. Section II presents the compu-
tational methods and systems. Section III provides the den-
sity functional theory (DFT) calculation and kMC simulation
results. Finally, we discuss our findings in terms of how to
improve the nitridation rate using the surface coverage effect
and state our conclusions in Sec. IV.
II. COMPUTATIONAL DETAILS
We performed calculations using the Vienna ab initio
simulation package, a plane-wave code that employs
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projector augmented wave method.29–32 The spin-polarized
DFT calculation was performed with the generalized gradient
approximation for the exchange-correlation functional using
the PBE method.33 DFT calculations have previously been
shown to aid the mapping of the energetics of various reac-
tion paths. To determine the reaction events, we used a (3 ×
3) super-cell containing a five-layer slab with two fixed lay-
ers and a 15-Å vacuum. Only the top 3 layers were allowed
to relax. We used an energy cutoff of 400 eV and a (5 ×
5 × 1) Monkhorst-Pack grid for k-point sampling. We ob-
tained a lattice parameter of 2.83 Å, a bulk modulus of 1.76
Mbar, a cohesive energy of 5.16 eV, and a magnetic moment
of 2.21 μB, which constituted the bulk properties of the pure
bcc Fe used for ferromagnetic iron. All values were in good
agreement with the literature.34 The adsorption energy (Ead)
of the adsorbate, NHx(x = 0–3), for each reaction was calcu-
lated according to Eq. (1):
Ead = Ex/surf ace − Esurf ace − ENHx, (1)
in which Ex/surface, ENHx, and Esurface are the total energies of
the adsorbed system, the adsorbate, and the clean surface, re-
spectively. A negative adsorption energy corresponds to an
energetically favorable adsorption site on the surface. Larger
negative values correspond to stronger adsorption. The en-
ergy barrier (Eb) for each reaction was computed according to
Eq. (2):
Eb = ET S − EIS, (2)
in which Eb, ETS, and EIS are the energy barrier of the ele-
mentary step, the total energy of the transition state, and the
total energy of the initial state, respectively.
The energy (E) for each reaction was computed accord-
ing to Eq. (3):
E = EFS − EIS, (3)
in which ETS, EFS, and EIS are the total energy of transi-
tion state, final state, and initial state, respectively. A neg-
ative reaction energy indicates that the process is exother-
mic, whereas a positive value indicates that the process is
endothermic. We employed the climbing image nudged elas-
tic band (CI-NEB) method to construct the minimum energy
pathway (MEP).35 To examine the effect of surface coverage,
we adopted a pre-covered nitrogen atom within a covered Fe
(100) p(3 × 3) surface (θ = 0.22 ML, 0.56 ML, 0.78 ML,
1.00 ML), as depicted in Fig. 1.
FIG. 1. Structural configuration of a 3 × 3 super-cell containing five Fe (100) layers. The “h” in the black circle denotes a hollow site, “b” denotes a bridge
site, and “t” denotes a top site. The various N pre-covered surfaces were first optimized (θ = 0 ML, 0.22 ML, 0.56 ML, 0.78 ML, and 1.00 ML). The purple
and blue spheres represent the Fe and N atoms and a vacuum of 15 Å.
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FIG. 2. Reaction pathway and configuration of the initial state (IS), transition state (TS), and final state (FS) for an ammonia-initiated dehydrogenation reaction
on various nitrogen pre-covered surfaces (θ = 0 ML, 0.22 ML, 0.56 ML, 0.78 ML, and 1.00 ML).
We employed the kMC algorithm implemented in our C
code36–38 to investigate the NH3 nitridation rate on a N pre-
covered Fe surface. In a kMC simulation, the temporal evo-
lution of the system is described by a stochastic trajectory.
The states along this trajectory are connected by processes
associated with the following probabilities:ri = voe−Ei/kBT in
which vo = 2kBT/h is on the order of the atomic vibrational
frequency and Ei is the energy barrier associated with event
i. T is the temperature, kb is the Boltzmann’s constant, and h
is the Planck’s constant. This form for the rates implies that,
in a kMC model, events with a high probability will occur
more frequently. At each time step, all rates are calculated
for the given system configuration. In general, the atomic vi-
brational modes at these points are also used to calculate the
pre-factor in the kinetic Monte Carlo. For all events in this
study, we used a standard value of 1013 s−1 for the atomic
pre-factor . To select which event will occur at a given
time step, a total transition rate R is constructed as follows:
R =∑Ni=1 ri for N possible events in a given system config-
uration. A uniformly distributed number ρ1 ∈ [0, 1) is cal-
culated, and an event j is selected to occur at the given time
step. All possible events can be grouped together to reduce the
search time for the event. The temporal evolution of the sys-
tem is based on the assumption that the probability of an event
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FIG. 3. Energy diagram of both the energy barrier (Eb) and reaction energy(E) for the penetration of dissociated nitrogen at surface coverages of θ = 0
ML, 0.22 ML, 0.56 ML, 0.78 ML, and 1.00 ML. The black line indicates the
energy barrier; the red line indicates the reaction energy.
occurring is independent of the system history and therefore
obeys Poisson statistics. The probability that an event i oc-
curs in the infinitesimal time interval (t, t + dt) is pi(t)dt
= ridt, where ri is the rate associated with that event. The
total probability P(t) of an event occurring in the time interval
(t, t + dt) is then P (t) dt =∑i pi (t) dt =
∑
i ridt = Rdt.
The probability pi(0) = 1 of no event occurring at time t
= 0 is unity. The physical time for each time step in the
simulation is then assumed to be distributed as in equation:
∑j−1
i=1 ri ≤ Rρ1 <
∑j
i=1 ri and a second random number, ρ2
∈ (0, 1), is chosen such that the physical time τ is given by
ρ2 = e−Rτ or τ = − ln(ρ2)R . This expression yields an average
time of 1/R between events, with the result that simulation
time is able to reflect physical time.39, 40 The Fe (100) surface
with a bcc structure forms 40 layers and has a vacuum level
of 4 Å. The initial configuration of the NH3 content (10–90
NH3 molecules) was confirmed and the temperature was set
at 850 K reflecting the experimental condition for NH3 gas
nitridation. The simulation step was set at 10 × 106 steps.
III. RESULTS AND DISCUSSION
A. DFT calculation of elementary reaction events
In the DFT calculation, we obtained the adsorption en-
ergy (Ead) and energy barrier (Eb) for the relevant elemen-
tary processes within the complete NH3 nitridation mecha-
nism. The reaction was divided into 5 steps (adsorption, dis-
sociation, penetration, surface migration, and diffusion) on an
N pre-covered Fe (100) surface. In the first step, adsorption,
we investigated the adsorption properties of N and NH3 on
the Fe (100) surface. The results indicated that N adsorbs
onto 4-fold hollow sites (Ead = −1.66 eV). It was previ-
ously reported that NH3 prefers a top site on the Fe atom for
adsorption.41 The NH3 adsorbs onto a top site (Ead = −0.92
eV) on a clean Fe surface, and the adsorption energy for NH3
decreases as the surface coverage increases. In this study, en-
ergies of −0.72 eV, −0.48 eV, −0.41 eV, and −0.36 eV were
obtained at θ = 0.22 ML, 0.56 ML, 0.78 ML, and 1.00 ML,
respectively.
Next, we investigated the effect of surface coverage on
the dissociation reaction, which is considered the high-energy
barrier for full ammonia (NH3) dehydrogenation. To consider
the nitrogen surface coverage effect at each reaction event
throughout the process, we employed DFT calculations on a
low index (100) of the Fe surface, which is the most stable sur-
face. In addition, the nitrogen-covered Fe (100) surface was
modeled using different surface nitrogen concentrations.
Fig. 2 indicates that the reaction pathway for NH3 disso-
ciation is divided into three elementary steps. In these steps,
the corresponding sequence of intermediate steps for NH3 dis-
sociation can be written as follows:
NH3
∗ + ∗ → NH2∗ + H∗, (4)
NH2
∗ + ∗ → NH∗ + H∗, (5)
NH∗ + ∗ → N∗ + H∗. (6)
The * symbols denote an empty site and an adsorbed NHa
(a = 0–3) intermediate species on the Fe surface. These dehy-
drogenation steps are highly reducible. According to Fig. 2,
the NH3 dissociation reactions have a rate-determining step
(5). Using the DFT calculations, we obtained the energy bar-
rier (Eb) for the NH3 dissociation. As the surface coverage
increased, the dissociation energy barrier increased. Other re-
search groups have reported that an increase in the surface
coverage affects the energy barrier for the dissociation reac-
tions of various species.42–44 Our results indicated energy bar-
riers of 1.24 eV, 1.43 eV, 2.05 eV, and 2.30 eV at θ = 0.22 ML,
0.56 ML, 0.78 ML, and 1.00 ML, respectively. In our previous
study, the energy barrier results for the reaction step (4) were
FIG. 4. Surface Fe-Fe distance on various N pre-covered surfaces (θ = 0 ML, 0.22 ML, 0.56 ML, 0.78 ML, and 1.00 ML). The purple and blue spheres
represent the Fe and N atoms, respectively. The green and red arrows indicate stable bond lengths, whereas the orange arrows denote unstable bond lengths.
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FIG. 5. Reaction pathway of molecular N in N pre-covered bcc-Fe. The black line indicates its behavior at an N coverage of 0.22 ML; the red line indicates
its behavior at an N coverage of 0.56 ML; the blue line indicates its behavior at an N coverage of 0.78 ML; and the green line indicates its behavior at an N
coverage of 1.00 ML on Fe (100).
used to estimate the catalytic activity of ammonia decompo-
sition on an Fe catalyst.45
During the surface migration reaction step, the surface
migration energy barrier was considered. Because the disso-
ciated nitrogen atom is expected to migrate from one hol-
low site to the nearest adjacent hollow site, this surface mi-
gration step, which also contributed to the surface coverage
effect, should be considered. The results indicated that the
surface migration energy barrier was dominant over the sur-
face coverage, with values of 0.9 eV, 0.66 eV, 0.33 eV, and
0.33 eV at θ = 0.22 ML, 0.56 ML, 0.78 ML, and 1.00 ML,
respectively.
During the penetration reaction step, a nitrogen atom
moves from a hollow site on the surface to an octahedral site
FIG. 6. The initial configuration of the bcc Fe (100) (10 × 10) with 40 layers
and a vacuum level of 4 Å used in the kMC simulation. In this system, the
gray, blue, and white spheres represent the Fe, N, and H atom. Non-surface
Fe atoms are rendered invisible.
in the sub-layer. We performed DFT calculations to exam-
ine the effect of surface coverage on the penetration of the
surface-dissociated nitrogen atom into the sub-surface. The
results are presented in Fig. 3, in which the energy barriers
(Eb) and reaction energies (E) are plotted for the penetra-
tion of a dissociated nitrogen at various surface coverages (θ
= 0 ML, 0.22 ML, 0.56 ML, 0.78 ML, and 1.00 ML). Jiang
and Carter46 indicated that a carbon atom diffuses into Fe
(100) and Fe (110) with energy barriers of 1.18 and 1.47 eV,
respectively. We previously reported that Fe (100) and Fe
(110) have the highest energy barrier for nitrogen penetra-
tion, in good agreement with the experimental results pre-
sented here.47 As the surface nitrogen coverage increased on
the Fe surface, the penetration energy barrier decreased. We
obtained the lowest penetration energy barrier for the disso-
ciated nitrogen (Eb = 0.73 eV) with a surface coverage of
0.78 ML. However, at full coverage (1.00 ML), the energy
barrier for the penetration of the dissociated nitrogen atom
increased (Eb = 1.82 eV). Based on the structural analysis,
we determined that the low-energy barrier for the penetration
of the dissociated nitrogen is governed by the surface stabil-
ity. As the surface coverage increased, the surface symmetry
was broken and distortion increased. For example, the lattice
constant is 2.83 Å at the bare surface but, at the coverage of
0.78 ML, it changed to 2.80 Å in one direction while it in-
creased up to 2.92 Å in another direction as seen in Fig. 4.
Thus, the surface stability was reduced and nitrogen penetra-
tion was easily induced. When the surface is fully covered
by nitrogen, the lattice constant changes back to the original
value and thus the surface symmetry is restored (see Fig. 4
at the full coverage). The penetration of the dissociated
nitrogen is impeded again, which we call the blocking effect.
We primarily focused on the surface coverage, which affects
the NH3 nitridation reactions on the Fe surface. For the diffu-
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FIG. 7. A list of the NH3 nitridation reaction events (8 steps). In the upper figure, the purple, blue, and white spheres represent the Fe, N, and H atoms,
respectively.
sion reaction step, we constructed an energy diagram for the
diffusion of nitrogen into bulk Fe, a process that is generally
well characterized. Nitrogen is typically located in the octa-
hedral interstitial sites. Given the energy barrier for nitrogen
confirmed in pure bcc-Fe, our result (Eb = 0.73 eV) is in good
agreement with the experimental results.48, 49
We primarily focused on the effect of surface coverage on
NH3 nitridation on the Fe surface. The reaction was divided
into adsorption, dissociation, surface migration, penetration,
and diffusion. For a quantitative analysis of the surface cov-
erage effect, we reinvestigated NH3 nitridation as a function
of surface coverage. A schematic diagram for the full NH3 ni-
tridation mechanism is provided in Fig. 5. We described five
steps along the reaction pathway.
B. kMC simulations of ammonia nitridation
We performed kMC simulations to confirm the surface
coverage effects on the complete process: adsorption, des-
orption, dissociation, reverse-dissociation, surface migration,
penetration, reverse-penetration, and diffusion reactions as
determined from the DFT calculations. For the kMC simu-
lation, we utilized a system model for the initial configuration
as depicted in Fig. 6. Fig. 7 provides a possible process for the
different reactions that occur during NH3 nitridation, includ-
TABLE I. A list of the nitration reaction events, consisting of the adsorption energy, activation energy, and
pre-factor for each reaction step. The pre-factor denotes the default value.
Event Elementary reaction Energy barrier (Eb)
Adsorption NH3 + * → NH3* 0 eV
Desorption NH3* → NH3 + * 0.22 ML: 0.72 eV 0.56 ML: 0.48 eV
0.78 ML: 0.41 eV 1.0 ML: 0.36 eV
Dissociation NH3*→ N* + 3H* 0.22 ML: 1.24 eV 0.56 ML: 1.43 eV
0.78 ML: 2.05 eV 1.0 ML: 2.3 eV
Reverse dissociation N* + 3H* → NH3* 0.22 ML: 1.28 eV 0.56 ML: 1.12 eV
0.78 ML: 0.84 eV 1.0 ML: 0.25 eV
Surface migration N(hollow) → N(hollow) 0.22 ML: 0.9 eV 0.56 ML: 0.66 eV
0.78 ML: 0.33 eV 1.0 ML: 1.00 eV
Penetration N(hollow) → N(o-site) 0.22 ML: 1.83 eV 0.56 ML: 1.45 eV
0.78 ML: 0.73 eV 1.0 ML: 1.83 eV
Reverse penetration N(o-site) → N(hollow) 0.22 ML: 0.5 eV 0.56 ML: 0.45 eV
0.78 ML: 0.4 eV 1.0 ML: 1.6 eV
Diffusion N(o-site) → N(o-site) 0.73 eV
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FIG. 8. The NH3 nitridation results from the kMC simulation. These figures indicate the degree of nitrogen diffusion in bulk bcc Fe at 5 × 106 step of kMC
simulation. Initial conditions were decided by NH3 contents (20, 30, 40, 50, 60, 70, 80, and 90 NH3) on the vacuum level. Non-surface Fe atoms are rendered
invisible for better visualization.
ing a complete list of the NH3 nitridation reaction events. The
first adsorption event has no notable energy barrier. Therefore,
we set this event at 0 eV regardless of nitrogen surface cover-
age. By contrast, the desorption events provided alternatives
to the adsorption energy (Ead) set at 0.92 eV, 0.82 eV, 0.72 eV,
and 0.62 eV at θ = 0.22 ML, 0.56 ML, 0.78 ML, and 1.00
ML, respectively. Next, using the dissociation reaction event,
we obtained energy barriers for the NH3 dissociation of 1.24
eV, 1.43 eV, 2.05 eV, and 2.30 eV at θ = 0.22 ML, 0.56 ML,
0.78 ML, and 1.00 ML, which are the energy barriers of the
rate-limiting step in the full dehydrogenation reaction path-
way for NH3 dissociation. For simplification of calculations,
we only considered the rate-limiting step which exclusively
determines reaction rate among specified reactions. After dis-
sociation of the NH3, the dissociated nitrogen was classified
by both its surface migration and penetration from the sur-
face to the sub-layer of the Fe surface. In the case of reactions
such as H + H → H2 and N + N → N2, we did not take
into consideration of desorption of H2 or N2 gas, which is not
concerned with nitridation rate. During the surface migration,
energy barriers of 0.9 eV, 0.66 eV, 0.33 eV, and 0.33 eV were
determined at θ = 0.22 ML, 0.56 ML, 0.78 ML, and 1.00 ML,
respectively. In this study, the penetration reaction occurred at
1.83 eV, 1.45 eV, 0.73 eV, and 1.83 eV at θ = 0.22 ML, 0.56
ML, 0.78 ML, and 1.00 ML, respectively. Finally, the diffu-
sion events were set at 0.73 eV, the energy barrier for nitro-
gen diffusion in bulk Fe. Because the diffusion events have no
effect on N surface coverage on Fe surface.
To obtain an accurate kMC simulation, the reverse reac-
tions must be considered. We considered two reaction events,
the reverse reactions of both the dissociation and penetration
steps. These reverse dissociation events were determined as
1.28 eV, 1.12 eV, 0.84 eV, and 0.25 eV at θ = 0.22 ML, 0.56
ML, 0.78 ML, and 1.00 ML. These values were obtained us-
ing the previous NH3 dissociation results and are also the en-
ergy barriers for the rate-limiting step in the complete dehy-
drogenation reaction pathway for NH3 dissociation, including
the reverse reactions. The reverse penetration events were de-
termined by 0.5 eV, 0.45 eV, 0.4 eV, and 1.6 eV at θ = 0.22
ML, 0.56 ML, 0.78 ML, and 1.00 ML, respectively. Table I
lists the energy barriers for the 8 possible reaction events.
These results describe the behavior of the NH3 nitrida-
tion reaction using a kMC simulation. We conclude that the
nitrogen surface coverage affects the nitridation rate. In order
to verify the degree of nitrogen diffusion in the bulk bcc Fe at
5 × 106 step of kMC simulation. In Fig. 8, the initial condi-
tions were decided by the NH3 contents. We provided simu-
lation snapshots of the nitridation process involving ammonia
based on the nitrogen surface coverage (θ = 0.22 ML, 0.56
ML, 0.78 ML, and 1.00 ML). As shown in Fig. 9, we could
FIG. 9. The results for the number of diffused nitrogen atoms in bcc Fe after
full simulation steps at 10 × 106 steps.
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easily determine that the number of diffused nitrogen atoms is
maximized under the initial condition of 50 NH3 out of 90
sites on the Fe surface. Considering that the real-time atom-
istic kMC simulations are based on a database of energy bar-
riers (Eb) obtained from the DFT results, we believe that an
increase in the NH3 nitridation rate can be attained by a nitro-
gen surface coverage of about 0.56 ML on an N pre-covered
Fe surface. It is most likely because distortion of surface is
optimum at this value of coverage and the blocking effect be-
comes dominant at a higher coverage.
IV. CONCLUSION
We studied NH3 gas nitridation using a combination of
DFT and kMC simulations to examine the effect of nitrogen
surface coverage on an Fe surface. This research provides a
new theoretical approach to estimate the nitridation rate. The
mechanism used for the DFT calculation was divided into
the adsorption, dissociation, surface migration, and penetra-
tion properties (i.e., configuration, site preference, and rela-
tive stability) and the diffusion. To investigate the effect of
nitrogen surface coverage on each reaction step, we modeled
a nitrogen-covered Fe (100) surface with various surface ni-
trogen concentrations (θ = 0.22 ML, 0.56 ML, 0.78 ML, and
1.00 ML). We then calculated the elementary reaction steps
following the mechanism. The reactivity of both the adsorp-
tion and dissociation steps decreased as the nitrogen surface
coverage increased on the Fe (100) surface. We also exam-
ined the surface migration and penetration energy barriers.
The surface stability was correlated with the surface sym-
metry along a surface containing an N pre-covered Fe sur-
face. The nitrogen diffusion was calculated in bulk bcc Fe and
found to be in good agreement with the experiment.
Using a database of the DFT calculations, we performed
a real-time atomistic simulation using kMC simulations sup-
ported by a database of energy barriers (Eb) from the DFT
results. The reliability of the kMC simulations depends on
accurate transition rates, for events. We concluded that the ni-
tridation rate could be improved by the suitable nitrogen cov-
erage (0.56 ML) on the Fe (100) surface.
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